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Abstract
A 3.5 km bypass road was constructed around the village Reeuwijk in the Netherlands on very soft
and compressible soil. Two construction methods were considered: (i) a traditional solution using a
sand embankment, vertical drainage and a temporary surcharge load and (ii) a basal reinforced piled
embankment. This paper describes the decision process to select the best construction method. The
process included considering the design, the performance, the whole life costs and the risks of each of
the considered construction types.
It was concluded that the whole life costs were comparable for both construction types: the piled
embankments and the traditional sand solution using vertical drainage and temporary surcharge load.
However, the risks were much smaller for the piled embankment. In particular, excessive post-
construction settlements of the traditional solution were considered to be a major risk. Therefore, the
principal chose for a piled embankment. The road was opened in January 2016.
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1 Introduction
Reeuwijk is a peaceful small village in the central peat area (Figure 1a) of the Netherlands.
Because the capacity of the existing road through the village was insufficient and traffic was found to
be disturbing, a 3.5 km bypass road was constructed around the village (Figure 1b). The subsoil
consists of 8 m very soft and compressible peat and organic clay deposits. The groundwater table is as
high as 0.2 to 0.5 m below ground surface. A careful decision process helped selecting the best
construction method in these very poor ground conditions. The process included risk management,
meticulous communication with the village community and analyses of whole life costs. The new
bypass road was opened in January 2016.
This paper presents the comparison between two construction methods: (i) a tradition solution
using a sand embankment, vertical drainage and a temporary surcharge load, (ii)  a basal reinforced
piled embankment with piles driven into the firm substratum. This paper describes the design,
performance, costs and risks of these solutions. The following issues were taken into consideration:
construction time, post-construction settlements, construction costs, maintenance costs over the
service life and geotechnical risks.
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Figure 1: (a) Location of Reeuwijk in the Netherlands; (b) the new bypass road (in red).
2 Decision Process
2.1 Site Conditions
The location of the bypass road is given in Figure 1b. The length of the road is 3500 m; it has one
lane in each direction, with extra lanes at junctions. The design traffic volume is 19,000 vehicles per
day in 2025, including 5% heavy goods vehicles. The annual traffic growth is anticipated to be 2%.
The service life of the pavement is 20 years. The height of the pavement is 0.5 m above the
surrounding ground surface. A bicycle path was constructed along the road. The subsoil is extremely
soft and compressible; soil characteristics are given in Table 1. The groundwater table is 0.2 to 0.5 m
below ground surface.
Soil
description
Top of
layer
m GL
Unit weight
kN/m3
Water
Content
%
Cc
-
CD;e
-
cv
m2/s
Clay 0.0 17.0 40 0.35 0.021 510-8
Peat /
organic clay -0.6 10.4 / 13.6 370 / 90 3.7 / 0.85 0.22 / 0.051 110
-7 / 510-8
Sand -8.4 - - - - -
Table 1: Soil characteristics. Cc = compression index; CD;e = coefficient of secondary compression in terms of
void ratio; cv = coefficient of consolidation
2.2 Methodology
The methodology of the decision process consisted of:
1. selecting characteristic road sections (this Chapter);
2. selecting potential suitable construction methods (this Chapter);
3. making a geotechnical design for these methods (Chapters 2.3 and 2.4);
4. calculating their construction and maintenance costs (Chapter 3.1);
5. assessing geotechnical risks associated with the construction methods (Chapter 3.2);
6. selecting the method with the most acceptable whole life costs and risks (Chapter 3.3).
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Figure 2: Construction alternatives for cross section 10-10 in Figure 1b: (a) sand fill with vertical drains and
temporary surcharge (b) basal reinforced piled embankment
The road alignment (Figure 1b) was divided into sections with comparable features: geometrical
and subsoil characteristics, pavement width and presence of underground infrastructure. This paper
considers cross-section 10-10 given in Figure 1b. Two construction methods were considered
potentially suitable: a traditional sand fill with vertical prefabricated drains, both with and without
temporary surcharge and a piled embankment (Figure 2). Usually the traditional solution is preferred
because of its low construction costs. However, underground infrastructure was present along 2800 of
the 3500 m long road. A sand fill would have induced large vertical and lateral deformations in the
extremely soft and compressible soil. The vulnerability of the underground infrastructure to these
ground deformations inhibited the use of the traditional construction method. The traditional
construction method was only a viable option along the remaining 3500 – 2800 = 700 m of the road.
A piled embankment was an alternative for these 700 m, but the two methods needed to be compared.
Figure 2 gives cross-sections for the two construction methods. The design for the sand-methods
involved the determination of construction time, post-construction settlement, quantities of
construction materials, construction costs, type and costs of maintenance actions.
2.3 Traditional Solution: Sand Fill, Vertical Drainage, With and
Without Temporary Surcharge
After placing sand working platform, vertical prefabricated drains are installed in a triangular
pattern at a 1.0 m centre-to-centre (ctc) distance. Then the rest of the sand fill is placed, consisting of
0.5 m net fill, 2.7 m fill to compensate settlement, and 1.3 m temporary surcharge (Figure 2a). It was
found that post-construction settlements of a fill without temporary surcharge would be excessive. The
amount of temporary surcharge was optimised to limit post-construction settlements to 0.05 m in 30
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years. Stability berms of 4 m length are necessary because of the low subsoil strength. The fill needs
to be installed in stages for reasons of stability, allowing soft soil consolidation between the stages.
Staged construction will take 3 months; after that 12 months will be needed for subsoil consolidation.
Finally the temporary surcharge is removed and road base and asphalt pavement are installed.
Vacuum consolidation often is a competitive alternative to using a temporary surcharge. The
method was first applied in the Netherlands around 1990. Vacuum consolidation uses a membrane to
separate atmospheric pressure and groundwater, allowing an underpressure to be realised in the drains.
The method has developed into the Beaudrain method that is widely used nowadays (Dijkstra, 2015).
The Beaudrain system is installed by a drain stitcher with a plough especially designed to
simultaneously insert vertical drains, a horizontal collecting drain and a strip membrane on top of the
horizontal drain. The horizontal collection drain is connected to a vacuum pump. Assuming an
underpressure in the drains of 40 kPa (CUR, 2005), the performance of Beaudrain is equivalent to
2-3 m temporary (sand) surcharge. The advantage of vacuum consolidation is that the surcharge is
applied without jeopardising embankment stability. This allows using steeper slopes, shorter stability
berms or a higher fill rate.
The pavement consists of 0.25 m hot mix asphalt and 0.40 m crushed demolition waste aggregate.
The 4/40 mm grading of the aggregate prevents the high groundwater table from infiltrating the
pavement construction by capillary suction. Pavement maintenance will consist of replacing the
surface course after 10 years. Some post-construction differential settlements are expected. For this
reason, replacing the surface course will also include application of a regulating course.
The designs for the sand fill variants were made using the decision support program MRoad
(Venmans et al. 2005 and van Eekelen and Venmans, 2010). MRoad combines pavement design and
geotechnical design. It calculates (1) construction costs from the material quantities and (2) pavement
maintenance by comparing calculated settlements to end-user requirements for safety and driver
comfort and based on this and expert rules (3) the maintenance type, duration and. MRoad makes it
possible to easily compare construction and maintenance costs of several ground improvement
methods, including the use of vertical drains, temporary surcharge, the Beaudrain system and EPS fill.
MRoad does not explicitly consider embankment stability; slope angles, dimensions of stability berms
and the duration of staged construction need to be designed using an external computer program.
2.4 Basal Reinforced Piled Embankment
A piled embankment in constructed by the subsequent installation of piles, pile caps and a
reinforced embankment. The geosynthetic reinforcement is placed at the embankment base: a basal
reinforcement. In this case the embankment consists of recycled crushed demolition waste aggregate,
mainly concrete, with an assumed friction angle M = 35o. This material also acts as granular road base.
Two piled embankment types are considered (Table 2), using different types of piles and pile caps:
1. precast concrete piles 0.29 m x 0.29 m and precast square pile caps 0.75 m x 0.75 m;
2. timber piles, precast concrete extensions 0.18 m x 0.18 m x 1.25 m and precast circular pile
caps 0.60 m (as indicated in Figure 2b).
The pile pattern, embankment height and basal reinforcement were designed according to the
Dutch design guideline CUR 226 (2010). The 2015 update of CUR 226 (2015), in which the recent
results of Van Eekelen (2015) were adopted, was not available yet at the time. Both the 2010 and the
2015 guidelines require a minimum embankment height H = 0.66  (sd - d), in which sd (m)  is  the
diagonal centre-to-centre distance of the piles, and d (m) is the diameter of the pile caps.
Keeping the embankment dry was the basis for the design. This is a commonly accepted starting
point, as no information is available yet about arching in a wet embankment. Therefore, the distance
between road surface and groundwater level is equal to the maximum embankment height. The road
surface was planned at GL (ground level) +0.5 m; the highest groundwater level is located at
GL -0.2 m. Therefore, the embankment height H = 0.70 m. Combination with the pile cap sizes gives
the maximum pile spacing given in Table 2.
A 0.70 m embankment is uncommonly thin, and most designers do not design nor accept such a
limited height. Furthermore, thicker embankments are generally cheaper. Therefore, it was
recommended  to the principal  to raise  the  planned road  surface height  with  0.5 m. In that case, the
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 Road surface GL +0.5 m Road surface GL +1.0 m
pile type concrete timber concrete timber
total embankment heighta m 0.71 0.71 1.21 1.21
width road surface m 10.00 10.00 10.00 10.00
ctc distance piles longitudinal m 1.56 1.17 2.20 1.47
ctc distance piles transverse m 1.46 1.15 1.88 1.04
pile size m or m2 Ƒ 0.29x0.29 toe 0.15 Ƒ 0.29x0.29 toe 0.15
pile cap m or m2 Ƒ 0.75x0.75  0.60 Ƒ 0.75x0.75  0.60
number of piles transverse 8 10 7 12
average pile lengthb m 8.88 16.04 9.51 11.82
height extension + pile cap m 0.25 1.50 0.25 1.50
strength geogrid longitudinalc kN/m 646 562 958 458
strength geotextile transversec kN/m 623 556 938 425
Table 2: Geometry of the piled embankment; a including asphalt pavement b including pad and pile cap c
short term strength of PET reinforcement. Normally these values are a multiple of 50 kN/m.
embankment height increases to 0.70 + 0.50 = 1.20 m, and the maximum pile distances increases as
well (Table 2).
The design axle load in the Reeuwijk bypass road is a standard truck with three axles of each
240 kN. This is 1.2 times the heaviest load class given by CUR 226 (2010). The maximum strain
allowed in the geosynthetic reinforcement was 3%. The thickness of the asphalt pavement is 0.25 m.
The necessary pile length was determined using the 23 CPTs taken in the relevant road sections,
following the Dutch design guideline NEN 9997-1 (2005). The pile costs were determined on the
basis of the average pile length for the 23 CPTs. Table 2 gives the resulting pile lengths as well as the
reinforcement design that follow from CUR 226 (2010).
The construction costs were determined from the material quantities. Extra geosynthetic
reinforcement for overlaps and anchorage was taken into account. No post-construction settlements
are expected for the piled embankment. Therefore, the only pavement maintenance will be
replacement of the surface course after 10 years.
The as-built design of the piled embankment differs from the designs considered here.
3 Results
3.1 Costs
Table 3 gives construction and maintenance costs during the 30 year service life, for each
construction method, and the sum of these two: the whole life costs. The table distinguishes two
different road levels at 0.5 m and 1.0 m above GL.
Road surface GL +0.5 m Road surface GL +1.0 m
Construction system
Construc-
tion
Main-
tenancea
Whole
life costs
Construc-
tion
Main-
tenancea
Whole
life costs
sand + drains + 1.3 m
temporary surcharge
2321 214 2535 2690 214 2904
sand + Beaudrain vacuum
consolidation
2310 214 2524 2592 214 2806
piled embankment precast
concrete piles
2674 145 2818 2494 145 2639
piled embankment timber
piles
2577 145 2722 2385 145 2530
Table 3: Calculated costs in Euro per linear m road; lowest whole life costs in red / bold. a over the 20 year
design service life of the pavement.
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The costs include construction of the sand fill, piled embankment, granular road base, pavement
and bicycle path and the maintenance of the pavement. Not included are costs for site preparation,
moving of underground infrastructure, road side furniture, traffic regulation and logistics.
For the road surface at GL + 0.5 m, the costs of the traditional construction method with temporary
surcharge or Beaudrain are equal and lower than the costs of a piled embankment. If the road surface
is raised to GL + 1.0 m, the costs of the piled embankment with timber piles are lower and equal to the
costs of traditional construction in sand with temporary surcharge or Beaudrain. Table 4 gives a cost
breakdown for these three construction methods. This table shows that the costs for the embankment
with the ground improvement are the major part of the whole life costs. The share of the components
in the total costs is comparable for the three solutions. The difference in the costs for the bicycle path
is caused by costs for an EPS fill included in the piled embankment as shown in Figure 2b. The
difference in the maintenance costs is due to the regulating course that is included in the maintenance
of the sand solution.
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sand + drains + 1.3 m temp. surcharge +0.5 60% 12% 2% 7% 19% 100%
piled embankment timber piles +0.5  63% 11% 8% 5% 21% 108%
piled embankment timber piles +1.0 57% 11% 8% 5% 19% 100%
Table 4: Cost breakdown of three solutions; lowest whole life costs in red / bold.
3.2 Risks
A  major  part  of  the  road  had  to  be  constructed  on  a  piled  embankment  to  prevent  damage  to
adjacent underground infrastructure that could not be moved. For the remaining 700 m of the road, a
traditional sand fill with vertical drainage and temporary surcharge was considered. For this solution,
the following risks were identified:
1. The traditional sand and drain method has more risks in comparison to the piled embankment
solution: damage to nearby underground infrastructure, uncertainty of post-construction
settlements, and embankment failure during staged construction.
2. The bypass road crosses many ditches that need to be backfilled. Experience in comparable
soft soil areas shows that it is nearly impossible to prevent differential settlements in both
longitudinal and transverse direction of the road. If differential settlements occur, extra
maintenance will be needed which was not included yet in the cost estimations.
3. The ‘Westkade’ canal (Figure 1b) needs to be backfilled temporarily during construction, to
guarantee the stability of its banks. Also, an alternative water course should be provided
elsewhere. The costs of backfilling and diversion of the water course were not included.
4. Deltares (2011) shows that the isotache model for settlement prediction generally
underestimates settlements of laboratory samples after unloading. It is expected that the road
embankments constructed by the traditional sand, drains and temporary surcharge method will
also exhibit more post-construction settlement, and need more maintenance than estimated.
5. Differential settlements between sand fill and piled embankment up to 0.05 m are expected
Transition constructions are necessary to accommodate these differential settlements.
6. A sand fill solution needs more space during construction than a piled embankment.
7. More construction traffic is expected for constructing a sand fill than a piled embankment.
This would give more damage to transport routes, hinder traffic and compromise safety.
8. Constructing  parts  of  the  road  on  a  sand  fill  and  parts  of  the  road  on  a  piled  embankment
would complicate maintenance: the parts on a sand fill would need more maintenance at a
higher frequency.
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3.3 Final Decision
The cost comparison in Chapter 3.1 reveals that the whole life costs of the traditional solution with
1.3 m sand surcharge, the traditional solution with Beaudrain vacuum consolidation (both with road
surface at GL +0.5 m) and the piled embankment (road surface at GL +1.0 m) are almost equal. The
whole life costs of these solutions are highlighted in red / bold in Table 3.
Therefore, the risk assessment in Chapter 3.2 was decisive in selecting the piled embankment as
the preferred solution.
4 Discussion
4.1 Quantifying Geotechnical Risk
The cost estimates in Chapter 3.1 are deterministic, based on conservative values of soil
parameters and unit prices. The risk assessment in Chapter 3.2 is semi-quantitative, based on expert
judgement with road construction in similar soil conditions.
Subsoil variability is not accounted for directly, nor is its impact on costs. Venmans (2013)
describes a methodology for probabilistic quantitative determination of the whole life costs and their
reliability interval. Its aims are to identify appropriate construction methods that fulfil all
requirements, to achieve cost savings, and to increase the reliability of cost estimates. The core of the
methodology is (a) identifying geotechnical failure mechanisms that are cost critical, (b) capturing soil
variability in 3 to 4 sets of cost critical soil properties and 4 to 5 discrete soil profiles, (c) making the
geotechnical design for all combinations of sets, and (d) presenting results in terms of whole life costs.
Venmans (2013) presents a comparison of the traditional sand fill, drains and temporary surcharge
method and a piled embankment for a soft soil area near Rotterdam. Some conclusions are:
1. Uncertainty in compression parameters and consolidation coefficients is the main source of
uncertainty in post-construction settlements, maintenance costs and whole life costs of the
traditional construction method. The uncertainty in whole life costs of the piled embankment
is mainly due to uncertainty in the unit costs of construction materials.
2. The half width of the 80% confidence interval around the average whole costs of the
traditional construction method (12 months consolidation period) is 20 to 30% of the average
whole life costs. For the piled embankment, this value is 6% only. This is the quantitative
expression of the risk listed in Chapter 3.2 as ‘the traditional sand and drain method has more
risks in comparison to the piled embankment solution’.
The methodology has not been applied to the Reeuwijk case. However, the authors expect that the
results of that study would be similar. Average whole life costs of different construction methods will
generally differ more than in this Reeuwijk case. Quantifying geotechnical risks in terms of whole life
costs may tip the balance from low cost – high risk options to higher cost – low risk options.
4.2 Life Cycle Analysis
The sustainability of construction methods can be compared quantitatively using a life cycle
analysis. The Dutch standard method of performing a life cycle analysis is to calculate the
Environmental Cost Indicator (ECI) value using shadow prices (DuboCalc, 2015). The shadow price
represents the costs required to mitigate negative environmental impacts of construction and
maintenance. The total ECI value is determined by multiplying the quantities of all materials by their
unit shadow prices, in an analogous way to determining whole life costs. Standard unit shadow prices
are available for many common construction materials.
The methodology has not been applied to the Reeuwijk case. A case study in Kamerik (The
Netherlands) shows that recycled aggregate and concrete construction elements strongly contribute to
the ECI of piled embankments. Application of timber piles instead of concrete piles, and sand instead
of recycled aggregate decreases the ECI.
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5 Conclusions and Recommendations
It was concluded that:
1. A sand fill with vertical drainage must be combined with temporary surcharge or Beaudrain
vacuum consolidation to reduce post-construction settlements to an acceptable level.
2. In this case, applying a sand fill with vertical drainage is not cheaper than applying a basal
reinforced piled embankment. This is contrary to popular belief among Dutch geotechnical
engineers.
3. A sand fill with vertical drainage would have posed more risk to nearby underground
infrastructure during construction, and would have needed more space and building time.
4. Considering the equal costs, and the higher risks of a sand fill with vertical drainage, the
principal decided to apply a basal reinforced piled embankment for the entire bypass road.
5. The authors recommend adopting the quantification of geotechnical risks in terms of whole
life costs and life cycle analysis as routine practice of selecting the best construction method
for roads on soft soil.
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